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Dynamic Prediction of Correlated Color Temperature
and Color Rendering Index of Phosphor-Coated
White Light-Emitting Diodes
Huanting Chen and S. Y. (Ron) Hui, Fellow, IEEE
Abstract—Light-emitting diode (LED) technology is a multidis-
ciplinary subject that involves photometry, electric power, heat,
and chromaticity which are interdependent on one another. So far,
the photoelectrothermal (PET) theory has linked up the first three
aspects. This research includes chromaticity into the dynamic PET
theory so that even the correlated color temperature (CCT) and
color rendering index (CRI) of phosphor-coated white LEDs can
be dynamically predicted, thus overcoming the low bandwidth
problem of some light measurement equipment. This dynamic
modeling of CCT and CRI has been verified with favorable
agreements between theoretical predictions and measurements
of several LED samples. The outcome of this project offers a
new research and development tool for practicing LED system
designers to predict the instantaneous variations of CCT and CRI
when the power varies in a LED system.
Index Terms—Chromaticity, color rendering index (CRI), cor-
related color temperature (CCT), light-emitting diodes (LEDs),
spectral power distribution (SPD).
NOMENCLATURE
Pλ Spectral power distribution (SPD)
(mW/nm).
h Planck’s constant (J · s).
c Speed of light (m · s−1).
λ Wavelength (nm).
Eg Bandgap energy (eV).
k Boltzmann constant (J · K−1).
T Carrier temperature (◦C).
Popt Optical power (W).
Tj Junction temperature (◦C).
λpeak Peak wavelength (nm).
Δλ Full-width at half-maximum (FWHM)
(nm).
η Ratio of specific spectra to white spectrum,
dimensionless.
ηw Wall-plug efficiency, dimensionless.
R Thermal resistance (◦C/W).
Manuscript received September 3, 2012; revised January 19, 2013; accepted
February 10, 2013. Date of publication March 7, 2013; date of current version
August 9, 2013. This work was supported by the Hong Kong Research Grant
Council under Theme-based Research Project T22-715-12N.
H. Chen is with the Department of Electrical and Electronic Engineering,
The University of Hong Kong, Hong Kong (e-mail: htchen23@gmail.com).
S. Y. Hui is with the Department of Electrical and Electronic Engineering,
The University of Hong Kong, Hong Kong, and also with Imperial College
London, London, SW7 2AZ, U.K. (e-mail: r.hui@imperial.ac.uk; ronhui@eee.
hku.hk).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TIE.2013.2251736
C Thermal capacitance (J/◦C).
t Time variable.
Popt_b, Popt_g,
Popt_y, and
Popt_total Optical power (W) for the blue, green, yel-
low, and white spectra, respectively.
λpeak_b, λpeak_g,
and λpeak_y Peak wavelengths (nm) for the blue, green,
and yellow spectra, respectively.
σb, σg, and σy FWHM-related coefficients (nm) for the
blue, green, and yellow spectra, respectively.
ηb, ηg , and ηy Ratios of blue–green–yellow (B–G–Y)
spectra to white spectrum, respectively,
dimensionless.
λ1, λ2 Wavelengths at half of the peak intensity.
Pd Light-emitting diode (LED) power (W).
kh Heat dissipation coefficient of LED device,
dimensionless.
T0 Ambient or rated reference temperature
(25 ◦C).
I. INTRODUCTION
IN THE last two decades, the light-emitting diode (LED)technology has been commercially adopted in display, dec-
orating, and signaling applications and, to some extent, also
in general lighting. For some lighting applications, such as
in textile industry, offices, hotels, and galleries, the correlated
color temperature (CCT) and the color rendering index (CRI)
are important factors in the choice of light sources. The CRI is
presently the only internationally accepted metric for assessing
the color-rendering performance of light sources, although re-
views have been conducted recently to examine other means
to quantify color rendering [1], [2] in view of the spectral
characteristics of the emerging LED technology. Several reports
[3]–[5] have pointed out that the CCT of the phosphor-coated
white LED will change with the LED power. The influence of
the junction temperature on chromaticity and color-rendering
properties of trichromatic white-light sources based on LEDs
has been studied [6], and the relationships of the light spectra
of the LEDs and the junction temperature have also been prac-
tically observed [7], [8]. The spectral power distribution (SPD)
of LED is therefore an important characteristic that determines
the optical power, luminous flux, and color properties. Such an
SPD depends on electrical power and the junction temperature.
However, the electrothermal dependence for SPD is often not
0278-0046 © 2013 IEEE
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precisely characterized in the device data sheets. It is difficult to
describe the SPD qualitatively from the data sheet information
without the help of a spectrometer.
LEDs emit light through the spontaneous recombination of
electron–hole pairs and simultaneous emission of photons. In
theory, the SPD of LED is proportional to the product of the
Boltzmann distribution and density of states, which can be
expressed as
Pλ ∝
√
hc
λ
− Eg exp
(
− hc
λkT
)
. (1)
However, (1) has not included all semiconductor physical
factors of LED, leading to significant deviation between the
theoretical and practical SPDs in a previous study [9]. The
SPD modeling of LED based on Gaussian functions, which
includes only the physical parameter of peak wavelength, has
been proposed in [10]. Extended Gaussian functions using other
physical parameters such as optical power and Stokes energy
loss have also been considered [6]. In addition, the Gaussian
model has been extended with the use of double functions [11],
[12], which are nowadays still used for lighting calculations
by the International Commission on Illumination (CIE). The
dependence of the SPD of LED on temperature and current was
reported in [7] and [13]. However, LED application engineers,
who usually have electronic engineering backgrounds, tend to
lack the required light science knowledge which is essential
in the optimal design of LED systems. So far, there is a lack
of theory linking all the essential factors for LED system
optimization.
The general photoelectrothermal (PET) theory for LED sys-
tems [14] has linked up the interactions of heat, luminous
flux, and power in LED systems, which aims at providing a
comprehensive LED system theory with physical explanations
for electronics engineers and researchers working in LED
system designs [15]. However, there is a lack of LED system
theory that can incorporate the variation of the CCT and CRI
with power variation. In this paper, a spectral model based on
the steady-state and dynamic PET theory [16] is proposed to
describe the color properties of phosphor-coated white LEDs
(blue LED and yellow phosphor coating) under steady and
transient operations. This novel model is intended to incorpo-
rate the following important physical parameters together in an
integrated manner:
1) electric parameters: power and current;
2) optical and spectral parameters: optical power, peak
wavelength, and FWHM;
3) thermal parameters: junction temperature and heat sink
temperature;
4) device parameters: thermal resistance and thermal
capacitance;
5) time.
A distinctive feature of the proposed method is that the
model parameters are extracted from the steady-state tests
only while the modeling can be applied to both steady-state
and dynamic situations. It is envisaged that this model is the
first of its kind that can be used by phosphor-coated white
LED system designers to establish the spectral model and then
Fig. 1. Measured and calculated SPDs for Sharp 4.4-W LED at a junction
temperature of 68.6 ◦C and a current of 0.34 A.
Fig. 2. Measured and calculated SPDs for Sharp 8-W LED at a junction
temperature of 66.3 ◦C and a current of 0.34 A.
evaluate the variations of the CCT and CRI. So far, there is
no systematic R&D tool that can predict the instantaneous
variations of the CCT and CRI. This research project aims
at filling this theoretical gap by relating the variation of the
CCT and CRI to the phosphor-coated white LED system power.
The proposed theory has been tested successfully with practical
measurements based on several LED samples.
II. SPD MODELING AND PRACTICAL
MEASUREMENT METHODS
A. SPD of YAG Phosphor-Coated White LED
The asymmetrical SPD of monochrome LED is typically
modeled with Gaussian function [6]
Pλ = Popt
1
σ
√
2π
exp
[
−0.5∗ (λ− λpeak)
2
σ2
]
(2)
where σ is dependent on peak wavelength λpeak and FWHM
Δλ can be expressed as
σ =
λ2peakΔE
2hc
√
2 ln 2
=
λ2peak
(
hc
λ1
− hcλ2
)
2hc
√
2 ln 2
=
λ2peak
(
hcΔλ
λ1λ2
)
2hc
√
2 ln 2
. (3)
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TABLE I
MEASURED SPECTRUM AND FITTING PARAMETERS RELATED TO TRIPLE-COLOR MODELING OF LED SAMPLES
The SPD of a white LED using yellow YAG phosphor and
blue LED chip can theoretically be considered as the sum of the
blue and yellow spectra. In practice, however, the so-called yel-
low phosphor emits light in both of the yellow and green spectra
(as indicated from the measured spectra in Figs. 1 and 2).
If a blue and a yellow spectrum are chosen, the difference
between the practically measured SPD and double-color (blue
and yellow color) spectrum model can be represented by a
green spectrum. Therefore, in order to represent the practi-
cal situation, a green spectrum can be added to the double-
spectrum model, resulting in the following analytical trispec-
trum (B–G–Y) model described by (4) and subsequently modi-
fied as (5):
Pλ =Popt_b
1
σb
√
2π
exp
[
−0.5∗ (λ− λpeak_b)
2
σ2b
]
+ Popt_g
1
σg
√
2π
exp
[
−0.5∗ (λ− λpeak_g)
2
σ2g
]
+ Popt_y
1
σy
√
2π
exp
[
−0.5∗ (λ− λpeak_y)
2
σ2y
]
(4)
Pλ = ηbPopt_total
1
σb
√
2π
exp
[
−0.5∗ (λ− λpeak_b)
2
σ2b
]
+ ηgPopt_total
1
σg
√
2π
exp
[
−0.5∗ (λ− λpeak_g)
2
σ2g
]
+ ηyPopt_total
1
σy
√
2π
exp
[
−0.5∗ (λ−λpeak_y)
2
σ2y
]
. (5)
Therefore, the SPD modeling for the phosphor-coated white
LED can be expressed as a tricolor spectrum, which can be
considered as an extended Gaussian model.
B. Practical Spectral Power Modeling Process
The proposed spectral modeling process has been demon-
strated with the use of the following: 1) Sharp 4.4-W LED
(Model number: GW5BNC15L02) and 2) Sharp 8-W LED
(Model number: GW5BWC15L00). The practical white spectra
of the LED samples are first recorded. The parameters required
for (4) can then be extracted from measured spectra based on
standard curve-fitting numerical tool and are shown in Table I.
Figs. 1 and 2 show the measured SPD and the corresponding
theoretical tricolor spectra for the 4.4- and 8-W LED samples,
respectively. For the Sharp LED samples, the phosphor is
doped by a combination of YAG: Ce yellow phosphor and red
phosphor (such as GaAlSiN3:Eu). The calculated results (red
curve) agree well with practical measurements (black curve).
These agreements confirm the validity of the proposed tricolor
SPD modeling method.
C. Temperature Dependence of the Peak Wavelength
and FWHM
1) For Blue LED Chip: The peak wavelength of the blue
LED chip moves toward the shorter wavelength direction (i.e.,
blue shift) with increasing current at constant temperature [7].
This is due to the piezoelectricity-induced quantum-confined
Stark effect. On the contrary, there is a red shift of the peak
wavelength of the blue chip with an increasing temperature at
constant current, which can be attributed to the variation in the
semiconductor bandgap with temperature. For LED devices,
this red shift of the wavelength due to the change of the bandgap
energy has been described by the Varshni equation [21], which
consists of curve-fitting coefficients [23]. The red- and blue-
shift phenomena on different LED models have been observed
independently by several research groups as parabolic functions
in the relationships of the peak wavelength and junction temper-
ature for a range of LED current (see [18, Fig. 1]) and the peak
wavelength and driving current (see [22, Fig. 3]).
Because the driving current and the junction temperature
of the LED are proportional to the LED power, the practical
parabolic relationships observed in [18] and [22] can be gener-
alized as a parabolic function of LED power as shown in (6).
The peak wavelength–electrical power curve for the blue
LED can be divided into the blue- and red-shift regions. In
the low electrical power range, the peak wavelength decreases
approximately linearly with increasing electrical power to re-
flect the domination of the piezoelectricity-induced quantum-
confined Stark effect. As the junction temperature increases
with increasing electrical power, the temperature influence
on the semiconductor energy gap starts to dominate, and the
peak wavelength moves linearly toward longer wavelengths
with increasing electrical power, which has been indicated in
(8). Therefore, the electrical power dependence of the peak
wavelength can be expressed as a parabolic function
λpeak_b(Pd, Tj) = a(Tj)P
2
d − b(Tj)Pd + βpeak_b (6)
where βpeak_b is the referenced λpeak_b peak wavelength of
the blue spectrum at the ambient temperature T0; a and b are
positive coefficients dependent on the junction temperature.
It should be noted that (6) is only valid for the GaN-based
LED because the peak wavelength for the AlGaInP LED is
a linear function of the electrical power [18]. Additionally,
this expression should apply to the junction temperature as a
function of electrical power at constant ambient temperature.
As Pd increases from a small value, λpeak decreases almost
linearly because the first positive term of (6) is negligible when
Pd is small. As Pd continues to increase, the first positive term,
which is proportional to the square of Pd, will increase λpeak
significantly. Consequently, the peak wavelength is expected
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Fig. 3. (a) Measured SPDs for Sharp 4.4-W LED versus electrical power.
(b) Measured peak wavelengths of blue spectra versus electrical power of Sharp
4.4- and 8-W LED samples. (c) Measured peak wavelengths of the phosphor
spectra versus the junction temperature of Sharp 4.4- and 8-W LED samples.
to follow a parabolic curve with a minimum value. Starting
from a referenced value at a reference electrical power Pd0,
the position of the peak wavelength at any electrical power Pd
can be calculated. As the peak wavelength of the blue LED
chip varies with electrical power, the emission efficiency and
wavelength for phosphor will also be influenced.
Fig. 4. Measured FWHM of blue and phosphor spectra versus junction
temperature of Sharp 4.4-W LED.
To validate the theory, the Sharp 4.4-W LED sample is
mounted on a heat sink with a thermal resistance of 8.3 ◦C/W
for tests in the range of electrical power from 0. 68 to 6.4 W.
The Sharp 8-W LED sample is mounted on a heat sink with a
thermal resistance of 10.2 ◦C/W. Fig. 3(b) shows the variations
of the peak wavelength of the blue spectra with electrical power
for the Sharp 4.4- and 8-W samples. The two measured curves
are found to be parabolic functions that can be described by (6).
These results are consistent with the parabolic measurements
reported in [18] and [22]. As shown in Fig. 3(a), the measured
phosphor spectra clearly shift to shorter wavelengths with elec-
trical power.
2) For Phosphor Coating: The measured peak wavelengths
of the phosphor spectra as a function of the junction tem-
perature for the two LED samples are included in Fig. 3(a)
and (c), which have clearly shown decreasing peak wavelength
of phosphor spectra with the junction temperature. The same
physical observation has been reported in [24]. The data form
two straight lines with negative slopes, which can be expressed
by the linear equation
λpeak_phosphor(Tj) = kpeak_phosphor(Tj − To)
+ βpeak_phosphor. (7)
The coefficients required for (6) and (7) can be extracted from
the practical measurements as highlighted in Fig. 3(b) and (c).
The theoretical FWHM for the spectra is 1.25×
10−7λ2peakTj [13], where Tj is the junction temperature
in kelvin. However, the emission width is much higher than
the theoretical value due to the composition inhomogeneity of
the alloy used in the active layer. The FWHM for the spectra
is broadened with the increasing temperature and can be
modeled as
Δλ(Tj) = kΔλ(Tj − T0) + βΔλ (8)
where kΔλ is the slope value between junction temperature
and FWHM and βΔλ is the referenced Δλ FWHM at rated
junction temperature T0. The parameters required for (8) can
be determined from Fig. 4.
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TABLE II
MEASURED SPECTRUM AND FITTING PARAMETERS RELATED TO TEMPERATURE DEPENDENCE
OF PEAK WAVELENGTHS AND FWHM FOR DIFFERENT TYPES OF LEDs
Fig. 5. Measured Popt_phosphor/Popt_b ratio versus junction temperature
of Sharp 4.4-W LED.
As shown in Figs. 3 and 4, the measured variations in the
peak wavelength and FWHM exhibit approximately linear be-
havior with the junction temperature, which justifies the format
of (8). For the different types of LEDs under consideration, the
temperature coefficients of the peak wavelength and FWHM
have been summarized in Table II.
D. Temperature Dependence of the Popt_phosphor/Popt_b
Ratio
The ratio between the optical power of the phosphor spectra
and the optical power of the blue spectra is related to the
junction temperature [18]. The ratio of Popt_phosphor/Popt_b
can be established as a function of the junction temperature
using the practical measurement as shown in Fig. 5. This
relationship can be expressed as
Popt_phosphor
Popt_b
(Tj) =
(1− ηb)Popt_total
ηbPopt_total
(Tj)
= kopt(Tj − T0) + βopt (9)
where βopt is the referenced Popt_phosphor/Popt_b ratio at the
rated junction temperature T0 and kopt is the slope of the
measured line of (9). The coefficients required for (9) can
be obtained from the practical measurements as illustrated in
Fig. 5. It is noted that Popt_total can be calculated under differ-
ent junction temperature based on the PET theory [19]. Using
(4)–(9), Popt_b can be determined with different junction tem-
perature values. Therefore, the temperature and electrical power
can be linked to the spectral modeling for white LED. The
spectra of the LED samples have been measured at different
junction temperature values, and the coefficients corresponding
to (9) are tabulated in Table III. From the measurements, the
ratios Popt_g/Popt_phosphor and Popt_y/Popt_phosphor can be
assumed constant at different junction temperature values.
III. DETERMINATION OF JUNCTION TEMPERATURE, CCT,
AND CRI USING THE DYNAMIC PET
THEORY FRAMEWORK
A. Temperature and Electrical Power Dependence of the
Optical Power
Based on the steady-state PET theory [14], [19], the re-
lationship of the wall-plug efficiency (ηW ) as a function of
the junction temperature (Tj) for constant LED power (Pd0)
operation is fairly linear and can be approximated as a linear
relationship
ηW (Tj , Pd0) = αTj + β (10)
where α is a coefficient representing the slope of the relation-
ship and β is another coefficient. Both α and β can be obtained
from the measurements in Fig. 6(a).
In practice, at constant junction temperature (Tj0), ηW can
be obtained as a quadratic polynomial function of Pd
ηW (Tj0, Pd) = χP
2
d + δPd + γ (11)
where χ, δ, and γ are constants that can be extracted from
Fig. 6(b) with constant junction temperature. Based on the
above analysis, ηW can be expressed as a link for Pd and Tj
using a 2-D mathematical function as discussed in [19]. The
function of ηW can be constructed as
ηW (Tj , Pd) =
(αTj + β)
(
χP 2d + δPd + γ
)
μ
(12)
where μ is the intersection value of function for (10) and (11),
which is the value of ηW at point (Tj0, Pd0). Therefore, the
optical power can be expressed as
Popt(Tj , Pd)=ηWPd=
(αTj+β)
(
χP 3d +δP
2
d +γPd
)
μ
. (13)
As shown in Table IV, the parameters required for (13) can be
extracted using the measured data.
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TABLE III
MEASURED SPECTRUM AND FITTING PARAMETERS RELATED TO TEMPERATURE DEPENDENCE
OF Popt_phosphor/Popt_b FOR DIFFERENT TYPES OF LEDs
Fig. 6. (a) Measured wall-plug efficiency versus junction temperature of
Sharp 4.4-W LED at constant electrical power. (b) Measured wall-plug
efficiency versus electrical power of Sharp 4.4-W LED at constant junction
temperature.
It should be noted that this spectral model in the PET theory
framework can estimate the optical power of LED at any
junction temperature and electrical power. Putting (6)–(9), and
(13) into (5), the electrothermal SPD as a function of electrical
power Pd and junction temperature Tj can be expressed as
Pλ(Pd, Tj) = ηb(Tj)Popt_total(Pd, Tj)
1
σb(Tj)
√
2π
× exp
{
−0.5∗ [λ− λpeak_b(Pd, Tj)]
2
σb(Tj)2
}
+ ηg(Tj)Popt_total(Pd, Tj)
1
σg(Tj)
√
2π
× exp
{
−0.5∗ [λ− λpeak_g(Pd, Tj)]
2
σg(Tj)2
}
+ ηy(Tj)Popt_total(Pd, Tj)
1
σy
√
2π
× exp
{
−0.5∗ [λ− λpeak_y(Pd, Tj)]
2
σy(Tj)2
}
. (14)
B. Time Dependence of the Junction Temperature
Based on the dynamic PET theory [16], the thermal transient
characteristics of the junction temperature for the LED mounted
on a heat sink can be expressed as
Tj(t)=
⎡
⎢⎣
−RjckhPd
(
CjcNRhs
CjcRjc−ChsRhs +1
)
e
− tCjcRjc
+khPd
NR2
hs
Chs
CjcRjc−ChsRhs e
− tChsRhs
+(Rjc+NRhs) khPd+T0
⎤
⎥⎦ (15)
where Rjc and Cjc are the thermal resistance and thermal
capacitance of the LED package, respectively; Rhs and Chs
are the heat sink’s thermal resistance and thermal capacitance,
respectively; and N is the number of LED. The thermal resis-
tance and thermal capacitance for different materials along the
heat flow path can be extracted from Fig. 7, which indicates
the cumulative structure function based on the thermal transient
test method [17], [20]. The thermal resistance of the adhesive
layer is usually smaller than Rjc and can be included in Rjc
if necessary for simplicity. Based on the measured results, the
parameters required for (15) are included in Table V.
IV. EXPERIMENTAL VERIFICATIONS
Two different types of LED devices were used to evaluate
the validity and accuracy of the electro-thermo-temporal SPD
modeling. The optical measurements of the LED samples were
measured in thermal and electrical steady-state conditions using
the TeraLED system. To establish the dependence of the wall-
plug efficiency on the LED electrical power, the LED sample
was operated in the pulsewidth of 300 μs and duty cycle of
0.03% in order to eliminate the Joule heating dependence on
the efficiency. Immediately after all optical measurements, the
LED was switched off, and the cooling transient of the LED
package was monitored with the use of the Transient Thermal
Tester (T3Ster).
Aside from the combined thermal and optical measurements,
the temperature dependence of the optical power and the wall-
plug efficiency of the LED were also recorded. The theoretical
framework of the evaluation of the T3Ster was based on the dis-
tribution RC networks [20]. The T3Ster captured the thermal
transient response in real time, recorded the cooling/heating
curve, and then evaluated the cooling/heating curve so as to
derive the thermal characteristics [17]. The diode voltage is
temperature dependent. For the voltage–temperature sensitive
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TABLE IV
EXTRACTED PARAMETERS FOR (13) BASED ON MEASUREMENTS
Fig. 7. Cumulative structure function for Sharp 4.4-W LED.
parameter calibration, a 5-mA current was applied in the tem-
perature range of 25 ◦C–55 ◦C with an increment of 10 ◦C.
Then, the junction temperature values were captured using the
voltage response curve and the voltage–temperature sensitivity
calibration.
The light output and transient thermal curves were measured
after driving the LED with a current for 20 min with the
heat sink temperature kept constant. The steady-state radiation
power spectra of the samples were captured with the use of
a PMS-50 spectrophotocolorimeter with an integrating sphere
after 20 min of operation at different electrical power at an
ambient temperature of 20 ◦C. The optical power for the blue
emission spectra and the phosphor emission spectra can be
calculated by integrating the photon energy corresponding to
blue and phosphor wavelength.
The transient color characteristic of the samples was captured
with the use of the Konica Minolta Spectroradiometer CS-2000,
which had a bandwidth of 0.1 Hz. However, this instrument
could measure light from a limited area of the LED at a
particular angle. The measured color result represented only
the partial color properties of LED at this view angle. (Note
that the color properties were affected by different phosphor
thicknesses, concentrations, and particle sizes on LED chip
surface and the view angle.) In order to calibrate the color
measurements with the SPD measurements, the steady-state
spectra of the samples were captured with the integrating sphere
associated with the PMS-50 spectrophotocolorimeter, which
can evaluate the color properties from all view angles.
A key emphasis on the proposed method is that, based on the
steady-steady measurements obtainable from lighting equip-
ment with limited bandwidth, the spectral modeling approach
can be applied not only to steady-state modeling but also to
dynamic modeling using the framework of the dynamic PET
theory. This advantage is now illustrated with some practical
examples.
A. Test on Sharp 4.4-W LED (Model Number:
GW5BNC15L02)
1) Steady-State Measurement: Putting the related parame-
ters of the Sharp 4.4-W LED sample in Tables I–IV into (14),
the theoretical SPD modeling with electrical power and junc-
tion temperature can be established for this LED sample. The
values of the chromaticity coordinates are measured at different
electrical power in Fig. 8. Based on the electrothermal SPD
modeling, the theoretical values of the chromaticity coordinate
obtained at the same electrical power from (14) are shown
in Fig. 9. The CCT and CRI of the samples are measured
and calculated as shown in Figs. 10 and 11, respectively. The
measured and theoretical results show good agreement, which
confirms the accuracy of the proposed modeling method, at
least for the steady-state color characteristics. It is noted that
the CCT moves toward to cooler CCT with increasing electrical
power due to the temperature dependence of the peak wave-
length, FWHM, and Popt_phosphor/Popt_b. The measured and
calculated chromaticity coordinates (x,y) for the Sharp 4.4-W
LED initially increase as the electrical power Pd increases (due
to the piezoelectricity-induced quantum-confined Stark effect).
As Pd continues to increase, the chromaticity coordinates begin
to decrease (due to the domination of bandgap energy with
temperature). The variations in chromaticity coordinates due to
electrical and thermal stress changes can also be represented
by the shift of CCT and CRI. The variations of the CCT and
CRI with electrical power also show parabolic relationships.
The procedure for the required steps for the steady-state mea-
surements is provided in Flow Chart 1.
2) Dynamic Measurements: In order to check the dynamic
performance of the electro-thermal-temporal SPD modeling,
the LED sample is driven with a varying current with a ripple
of 0.1 Hz by a programmable power source. The frequency of
the current ripple is set at 0.1 Hz because of the limitation in the
bandwidth of the Konica Minolta Spectroradiometer CS-2000.
The Sharp 4.4-W LED is mounted on a heat sink with thermal
resistance Rhs of 2.253 ◦C/W and thermal capacitance Chs of
7.097 J/◦C. The instantaneous power and current waveforms
are captured in Fig. 12. The maximum and minimum LED
power values are 4.16 and 0.68 W, respectively. For the transient
thermal characteristics of the LED, the related parameters are
listed in Table V. They are used in (15) for the calculation of the
junction temperature as a function of time (see Fig. 13). Putting
this dynamic junction temperature in (14), the electro-thermal-
temporal SPD can be established. The dynamic variations of
CCT and CRI can be theoretically determined. The measured
and calculated values of the chromaticity coordinates are shown
in Fig. 14, while those of the CCT are shown in Fig. 15.
The coefficient of determination R2 method is used to check
the agreement of the measured and calculated results. The
coefficients of determination for Figs. 14 and 15 are 0.921 and
0.761, respectively (with a figure of 1.0 for a perfect match).
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TABLE V
EXTRACTED PARAMETERS FOR (15) BASED ON MEASUREMENTS
Fig. 8. Measured chromaticity coordinates of Sharp 4.4-W LED for different
electrical power. (a) Measured chromaticity coordinates. (b) Expanded view.
Fig. 9. Calculated chromaticity coordinates of Sharp 4.4-W LED for different
electrical power. (a) Calculated chromaticity coordinates. (b) Expanded view.
Fig. 10. Measured and calculated CCTs of Sharp 4.4-W LED for a range of
electrical power.
Fig. 11. Measured and calculated CRIs of Sharp 4.4-W LED for a range of
electrical power.
It is noted that the calculated results are generally consistent
with practical measurements. Their good agreements confirm
the accuracy of the proposed modeling method for dynamic
measurements.
With the dynamic prediction of CCT and CRI confirmed, the
SPD model can be used with the dynamic PET theory, which
includes the thermal time constants of both of the LED pack-
ages and the heat sinks in (15), to predict the dynamic variation
of the CCT at other frequencies. The predicted junction tem-
perature and CCT at several time intervals (from 1 s to 20 min
of continuous operation) from the beginning of the test are
plotted in Figs. 16 and 17, respectively. Such information
allows application designers to predict the LED performance
before finalizing their designs.
B. Test on Sharp 8-W LED (Model Number: GW5BWF15L00)
1) Steady-State Measurement: The same series of tests are
then repeated using the Sharp 8-W LED sample. Putting the
parameters of the Sharp 8-W LED in Tables I–IV into (14), the
theoretical SPD modeling with electrical power and junction
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FLOW CHART 1: PROCEDURE OF THE MODELING METHOD (ASSUMING THAT THE RELEVANT SPECTRAL INFORMATION
IS NOT AVAILABLE FROM THE DATA SHEET)
Fig. 12. Measured power and current of the Sharp 4.4-W LED driven at
0.1 Hz under thermal equilibrium.
temperature can be established. The measured values of the
chromaticity coordinates are recorded at different electrical
power and shown in Fig. 18. Based on the electrothermal SPD
modeling, the theoretical values of the chromaticity coordinates
obtained at the same electrical power from (14) are shown in
Fig. 13. Junction temperature of the Sharp 4.4-W LED driven at 0.1 Hz under
thermal equilibrium.
Fig. 19. The results of the CCT and CRI of the LED sample are
plotted in Figs. 20 and 21, respectively. Good agreements be-
tween the theoretical calculations and practical measurements
confirm the validity of the proposal method.
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Fig. 14. Measured and calculated chromaticity values for Sharp 4.4-W LED
driven at 0.1 Hz under thermal equilibrium.
Fig. 15. Measured and calculated CCTs for Sharp 4.4-W LED driven at
0.1 Hz under thermal equilibrium.
2) Dynamic Measurements: Mounted on a heat sink with
a thermal resistance of 2.48 ◦C/W and a thermal capacitance
of 6.00 J/◦C, the Sharp 8-W sample is excited with a current
with a ripple of 0.1 Hz as in the previous dynamic tests.
The instantaneous power and current waveforms are shown in
Fig. 22. The parameters for the transient thermal characteristics
of the LED are listed in Table V.
The variation of the junction temperature calculated with
(15) is plotted in Fig. 23. Putting the junction temperature
Fig. 16. Calculated junction temperature of the Sharp 4.4-W LED after
different periods of continuous operation.
Fig. 17. Calculated CCT of the Sharp 4.4-W LED after different periods of
continuous operation.
response in Fig. 23 into (14), the electro-thermal-temporal SPD
modeling can be established. The calculated and measured
values of the chromaticity coordinates are shown in Fig. 24,
and those of CCT are shown in Fig. 25 for a range of power.
The coefficient of determination R2 is used in the measured and
calculated results to check the agreement between data sets. The
coefficients of determination for Figs. 24 and 25 are 0.901 and
0.713, respectively. The good agreements of the measured and
the calculated CCT in these dynamic tests confirm the accuracy
of the proposed theory, which can be used as a design tool for
the prediction of junction temperature and CCT even over a
long period of time as shown in Fig. 25.
Equation (15) is then used to generate the junction temper-
ature response for an operating frequency of 50 Hz of input
power. The responses of the junction temperature and CCT are
recorded at several time intervals (from 1 s to 20 min) from the
beginning of the test and plotted in Figs. 26 and 27. It can be
seen that the maximum junction temperature and CCT increase
from about 32.5 ◦C and 5302 K (measured 1 s after initial
operation) to about 46.5 ◦C and 5454 K (measured 20 min
later). The CCT increases by 152 K. The CCT increases with
time because the junction temperature of the device increases
gradually with time.
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Fig. 18. Measured chromaticity coordinates of Sharp 8-W LED for different
electrical power. (a) Measured chromaticity coordinates. (b) Expanded view.
Fig. 19. Calculated chromaticity coordinates of Sharp 8-W LED for different
electrical power. (a) Calculated chromaticity coordinates. (b) Expanded view.
Fig. 20. Measured and calculated CCTs of Sharp 8-W LED for different
electrical power.
Fig. 21. Measured and calculated CRIs of Sharp 8-W LED for different
electrical power.
Fig. 22. Measured power and current of the Sharp 8-W LED driven at 0.1 Hz
under thermal equilibrium.
C. Use of the Spectral Model as a Dynamic Modeling Tool
With the confirmation that the spectral model can be applied
for dynamic prediction, the spectral model can be employed for
studying the variations of chromatic aspects of LED lighting
applications such as the effects of dimming on the CCT.
Fig. 28(a) shows a dimming action for the 8-W LED sample
changing from about 7.5 to 1 W over a transitional time of 2 s.
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Fig. 23. Junction temperature response for Sharp 8-W LED driven at 0.1 Hz
under thermal equilibrium.
Fig. 24. Measured and calculated chromaticity coordinates of the Sharp 8-W
LED driven at 0.1 Hz under thermal equilibrium.
The dynamic curve of the CCT is plotted in Fig. 28(b). The
predicted CCT changes quickly from about 6450 K to about
6150 K immediately after the power change and then gradually
from 6150 K to about 5550 K. The reason for the two rates
of change of the CCT can be explained by the fact that the
thermal time constant of the LED package (RjcCjc) is much
smaller than that of the heat sink (RhsChs). This dynamic
modeling shows that the steady-state CCT change of 900 K
Fig. 25. Measured and calculated CCTs of the Sharp 8-W LED driven at
0.1 Hz under thermal equilibrium.
Fig. 26. Calculated junction temperature of the Sharp 8-W LED after different
periods of continuous operation.
Fig. 27. Calculated CCT of the Sharp 8-W LED after different periods of
continuous operation.
is much worse than the initial CCT change of 300 K observed
immediately after the dimming action. While such fast dynamic
CCT changes cannot be captured with lighting equipment with
limited bandwidth, they can now be studied in simulations using
the proposed method.
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Fig. 28. (a) Step change of power for an 8-W LED over a 2-s transitional time
(dimming action). (b) Predicted dynamic variation of the CCT with time.
V. CONCLUSION
A tricolor spectral modeling method has been developed
for the SPDs of white LED based on blue LED and yellow
phosphor. Such modeling method has been incorporated into
the framework of the steady-state and dynamic PET theory so
that chromatic variables such as CCT and CRI can be predicted
with the LED devices in a system environment, including the
effects of the LED package, heat sink, and LED power varied
by a LED driver. The proposed spectral model links the junction
temperature, electrical power, and time variable together. It
has been favorably confirmed with chromatic measurements
of two types of LED devices. It is envisaged that this is the
first theoretical tool for predicting color properties of phosphor-
coated white LED systems. The lack of an international stan-
dard on the binning systems of LEDs has somehow restricted
the widespread applications of LED lighting in certain general
lighting applications. It is suggested that LED manufacturers
should consider including the spectral modeling parameters in
the data sheets so that this theoretical tool can be used by
researchers/design engineers to devise new techniques [25]–
[27] in designing or controlling CCT and CRI in future LED
systems.
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